Objectives: The aim of this study was to achieve initial experience with nonY contrast-enhanced (ne) magnetic resonance angiography (MRA) of the lower leg arteries in patients with peripheral arterial occlusive disease (PAOD) at 7 T. Materials and Methods: Seven patients with PAOD were examined on a 7-T whole-body magnetic resonance system. A custom-built 16-channel transmit/ receive coil and a manually positionable AngioSURF table were used for multistation imaging. For ne-MRA, an axial T1-weighted TurboYfast low angle shot sequence (repetition time, 700 milliseconds; echo time, 3.84 milliseconds; bandwidth, 930 Hz/pixel; voxel volume, 1 Â 1 Â 2 mm 3 ; matrix, 384 Â 288) with phonocardiogram gating was acquired at 7 T. Acquisition time of an entire angiogram covering the vasculature from pelvis to feet amounted to approximately 30 minutes, depending on the patient's heart frequency. All patients underwent a contrast-enhanced MRA (ce-MRA) at 1.5 T as standard of reference. The presence of stenosis and occlusions was evaluated segment based and compared for both MRA techniques. The degree of stenosis was defined as low grade (G50%), high grade (50%Y99%), and occlusion (100%). High-grade stenosis and occlusion were considered to be hemodynamically significant stenosis. Results: The 7-T ne-MRA enabled a homogenous, hyperintense artery signal and nearly total venous suppression with accurate delineation of arterial anatomy both proximal and distal to stenotic disease. A total of 154 artery segments were depicted with ce-MRA at 1.5 T. At 7 T, only 124 segments (80.5%) were displayed and involved for analysis, as the iliacal region was displayed incompletely in 4 patients because of the fact that the fixed coil diameter was too small to contain the lower abdomen and pelvis of these patients. In comparison with ce-MRA at 1.5 T as the reference standard, there was total agreement regarding the characterization of an artery segment as being normal or having any kind of stenosis. Of the 124 included segments, 28 segments (23%) had hemodynamically significant stenosis evaluated with 7-T ne-MRA and 26 segments (21%) assessed with 1.5-T ce-MRA. The sensitivity and specificity values of 7-T ne-MRA for detecting segments with hemodynamically significant stenosis were 93% and 98%, respectively. Conclusions: NonYcontrast-enhanced MRA by means of T1-weighted TurboYfast low angle shot imaging at 7 T in patients with PAOD is feasible and allowed for good visualization of stenosis and occlusions in all analyzed artery segments in this small patient group. However, this study also shows the challenges of ultrahighfield body imaging, and more experience is required to determine the impact of 7-T ne-MRA in clinical practice.
I
n the Western world, peripheral arterial occlusive disease (PAOD) of the lower extremity is a common manifestation of systemic atherosclerosis. Because coexisting coronary artery disease and cerebrovascular disease is highly prevalent in patients with PAOD, PAOD is associated with a high mortality.
Magnetic resonance angiography (MRA) with gadolinium (Gd)-based contrast media has become an important diagnostic tool for the noninvasive diagnosis of PAOD because it enables a reliable assessment of arteries of the lower extremities in clinical routine. Gadolinium-based contrast agents were considered to be exceptionally safe until first studies characterized nephrogenic systemic fibrosis as a severe disease associated with the administration of Gd in patients with acute or chronic renal failure. 1, 2 Unfortunately, there is a high prevalence of chronic renal impairment and the necessity of dialysis in patients with PAOD due to the association of PAOD with diabetes. Owing to this development, scientific attention has recently focused on nonYcontrast-enhanced (ne) MRA techniques for assessment of the lower extremity arteries, mostly based on steady-state free precession (SSFP) imaging. 3, 4 In clinical routine, the standard magnetic field strength for angiography of the lower extremity still lies at 1.5 T, with incremental utilization of 3-T systems.
The increase in magnetic field strength has been demonstrated to be beneficial with regard to achieving higher spatial resolution,enabling an improved delineation of vessel structures and pathologies. 5Y8 In the last few years, ultrahigh-field magnetic resonance imaging (MRI) at 7 T has been introduced, and the first results for nonenhanced intracranial MRA were published. 9, 10 Ongoing development of multichannel body radiofrequency (RF) coils and shimming technology have enabled promising approaches in whole-body imaging, particularly in abdominal vascular imaging at 7 T. 11, 12 The feasibility of ne-MRA of the lower extremity arteries at 7 T using T1-weighted (w) fast low angle shot (FLASH) imaging was recently demonstrated in healthy volunteers. 13 Thus, the purpose of this study was to acquire initial experience with ne-MRA at 7 T in patients with PAOD.
MATERIALS AND METHODS

Study Population
During a period of 8 months (November 2012 to June 2013), 381 consecutive patients referred for lower extremity MRA because of suspected or known PAOD were screened for inclusion in this prospective study. Patient inclusion criteria were referral with symptoms or diagnosis of chronic lower limb ischemia and evaluation with contrast-enhanced (ce) MRA at 1.5 T. Study exclusion criteria were contraindications to 7-T MRI in terms of implants of any kind (eg, stents, endoprotheses), obesity, and claustrophobia. Ultimately, 7 patients (5 men, 2 women) could be included for 7-T imaging. The average age was 61 years, ranging from 50 to 78 years. NonYcontrastenhanced MRA at 7 T was appended within 2 weeks after MRA at 1.5 T. Before the 7-T imaging, the complete examination procedure and possible adverse effects were explained to the patients by a physician, and informed consent was obtained. The study was conducted in accordance with all guidelines set forth by the approving institutional review board.
Scanner and Coil System
Ultrahigh-field examinations were performed on a 7-Twhole-body magnetic resonance system (Magnetom 7T; Siemens Healthcare, Erlangen, Germany). For image acquisition, a custom-built 16-channel transmit/receive (T/R) coil was used, 14 consisting of 16 microstrip elements with meanders. Five elements were positioned flat under the AngioSURF table; the other 11 elements were arranged above in a semicircle with 51 cm diameter. The T/R switches of the 16 elements were positioned in 2 multipurpose boxes at the head of the system table. The coil was driven by an 8-channel RF shimming system 15 using a 16-channel planar butler matrix and an 8-channel variable power combiner to obtain splitting of 1 high-frequency signal into 16 individual channels. 14, 16 The RF shimming system uses vector modulators capable of modulating both amplitude and phase of the RF pulse generated by the MRI system. The shimming system is capable of switching between different sets of amplitudes and phases within a time interval of 540 microseconds, which is sufficient to perform time-interleaved acquisition of modes (TIAMO) imaging. 17 Each RF amplifier of the 8-channel system offers 1-kW peak power and is automatically monitored by directional power meters. All patients were examined in feet-first supine position on a custom-built AngioSURF table, 18, 19 which was manually rolled through the stationary coil system for multistation imaging (Fig. 1) . The modified AngioSURF table measures 200 cm Â 46 cm. The subconstruction was adapted to fit the 7-T system's patient table. For compliance with the International Electrotechnical Commission guidelines, specific absorption rate (SAR) calculations for the 16-channel coil were performed in human adult male and female body models of the Virtual Family (CST Microwave Studio, Darmstadt, Germany) and a standardized SAR file was integrated into the SAR monitoring system. 15, 20 Imaging Protocol
T ne-MRA
For nonenhanced imaging of the lower extremity arteries, a T1w modified Turbo-FLASH sequence was acquired. No inversion RF pulses for contrast preparation were used. Radiofrequency pulses for the suppression of the venous system were implemented in the sequence using a 90-sinc-shaped pulse with a time-bandwidth product of 3.6 to reduce the standard pulse duration of 3840 to 2000 microseconds, and the spoiler gradients were shortened to 0.8-millisecond length. To reduce repetition time (TR), the saturation pulse was applied only every second excitation. A TR of 705 milliseconds per slice, an echo time of 3.45 milliseconds, and a bandwidth of 930 Hz/pixel were chosen; a field of view (FOV) of 384 mm Â 288 mm was used to acquire 60 transversal slices of 2-mm thickness using a matrix of 384 Â 288 pixels, resulting in an noninterpolated in-plane resolution of 1 mm 2 . Parallel image acceleration with a GRAPPA factor of 4 using 32 autocalibration lines was applied. Image slices were acquired in ascending order using flow compensation. Averaged over the entire FOV, flip angles generated by the excitation/saturation RF pulse were estimated to be approximately 14-/20-. As the effective TR is on the order of just 5 to 6 milliseconds, sufficient background and venous suppression could be achieved. In a previous study at 7 T in the brain using venous suppression with time-of-flight MRA, a similar ratio between excitation and saturation flip angle was determined to be sufficient for venous suppression. 21 The flip angles given here were estimated based on absolute B 1 mapping for both excitation modes individually at the level of the thighs using the actual flip angle method 22 and maximum available input power.
To reduce B 1 artifacts and to obtain more homogeneous images of the arteries, TIAMO was integrated. 17, 23 For TIAMO imaging, the first-and second-order circularly polarized modes (CP + and CP 2+ ) were combined for most stations. The power constraints for a given shim or TIAMO shim set were calculated before scanning by a quick local SAR calculation using RF fields obtained from full-wave simulations (CST AG Microwave Studio, Darmstadt, Germany). For TIAMO with CP + and CP
2+
, the worst-case SAR for the different body regions was used to create the SAR file. In the first publication about 7-T ne-MRA, a consistent signal loss in the middle third of the thigh was described, which is suspected to be caused by RF interferences inside the 16-channel coil due to the apportionment of muscle and fat. 13 Therefore, dedicated TIAMO shims 23 were calculated based on B 1 maps acquired at this imaging station in all patients (Fig. 2) . Single-slice, relative B 1 mapping was performed using a vendor-provided sequence that is based on a small tip angle gradient echo acquisition for each channel. 24 The regions of interest (ROIs) for shim calculation were placed on a single slice in the center of the station and drawn around the approximate locations of the vessels of interest. The 2 shims were calculated by maximizing B 1 in a circular ROI around the right superficial femoral artery for the first shim, whereas for the other shim, the B 1 in a circular ROI around the left superficial femoral artery was maximized.
The sequence was gated using an acoustic cardiac triggering device (phonocardiogram [PCG]). 25 As the Turbo-FLASH protocol is intended to acquire 1 slice in a single shot between 2 heartbeats, the TIAMO trigger was not set after every excitation RF pulse, but after acquiring each imaging slice. In this way, after a single cardiac trigger signal, 1 complete slice is acquired in the first TIAMO mode before the same slice excited by the second TIAMO mode follows after the next cardiac trigger event. Because of the consecutive acquisition of both modes, excitation and saturation pulses are always run in the FIGURE 1. Ne-MRA was performed on a 7-T whole-body system (Magnetom 7 T, Siemens) using a custom-built 16-channel T/R coil. Five coil elements were placed dorsal on the scanner table and 11 elements were located in a semicircle above. Patient positioning was performed with an AngioSURF table of 2 m length, placing the patient feet-first supine and manually moving the table to all required body positions through the RF coil, which remained fixed to the original patient table at the isocenter. same mode. 26 To moderate total acquisition time, B 0 , shimming was performed only in the pelvis using a vendor-provided gradient echo sequence and algorithm. 27 To compensate for inaccurate table movement or patient motion, the AngioSURF table was moved 10 cm between 2 table positions to permit an overlap of 2 cm, which means that for an exact shift, the lowermost 10 slices would overlap with the uppermost 10 slices of the subsequent station. Total acquisition time for each station amounted to 3 minutes or less on average (depending on the individual heart rate). Ten stations were acquired in every patient.
T ce-MRA
Examinations were performed on a 1.5-T magnetic resonance system (Avanto, Siemens Healthcare) in feet-first supine position. A peripheral vascular coil (8 coil elements), 2 body coils consisting of 2 coil elements each, and a spine array with 8 coil elements implemented in the scanner table were used. A 3-dimensional FLASH sequence was acquired precontrast and postcontrast for imaging of the lower extremity arteries in 3 steps (aorta and pelvis, upper legs, lower legs) with the following sequence parameters: TR, 2.84 milliseconds; echo time, 0.95 milliseconds; bandwidth, 450 Hz/pixel; flip angle, 25-; FOV, 500 mm Â 360 mm; acquisition of 88 coronal slices with 1.4 mm thickness (lower legs, 1.2 mm); matrix, 276 Â 230 pixels (lower legs, 307 Â 234), resulting in an in-plane resolution of 1.8 Â 1.3 mm 2 (lower legs, 1.6 Â 1.3 mm 2 ). Parallel image acceleration with a GRAPPA factor of 2 using 24 autocalibration lines was applied. A double dosage of 0.2 mmol/kg bodyweight Gadoterate meglumine (Dotarem; Guebert, Roissy CdG Cedex, France) was administered intravenously at a flow rate of 1.5 mL/s for the first half of the volume followed by a rate of 0.7 mL/s and by 20 mL saline. Image acquisition was initiated using the CARE Bolus technique (Combined Applications to Reduce Exposure; Siemens Healthcare). Acquisition time per station amounted to 13 seconds (abdomen, upper leg) and 14 seconds (lower leg).
Image Analysis
Image analysis was performed on a Leonardo workstation (Siemens Healthcare) by 2 radiologists with 4 and 8 years of experience in consensus but blinded to the patients' clinical findings and medical histories. The axial source images as well as multiplanar reformatted reconstructions and maximum intensity projection images of the 7-T ne-MRA and 1.5-T ce-MRA were evaluated in separate sessions and blinded to the other imaging technique. The 1.5-and 7-T images were reviewed by group; the interval between interpreting the 1.5-and 7-T groups was 2 days. The following anatomic regions and segments of the lower extremity arteries were assessed for each leg: iliac (common iliac artery, internal iliac artery, external iliac artery), femoral (common femoral artery, superficial femoral artery, profunda femoral artery), popliteal (popliteal artery), and tibiofibular (tibiofibular trunk, anterior tibial artery, posterior tibial artery, fibular artery). The degree of stenosis for each artery segment was defined by using a 4-point scale: 0 = no stenosis/occlusion, 1 = low-grade stenosis (G50%), 2 = highgrade stenosis (50%Y99%), 3 = occlusion. High-grade stenosis and occlusion were considered to be hemodynamically significant stenosis. The number of stenoses and occlusions was counted for each segment for both MRA techniques. Results were analyzed per segment (the number of segments with stenosis) and per region (the number of stenoses within the iliac, femoral, popliteal, and tibiofibular regions). Contrast-enhanced MRA at 1.5 T was considered as the noninvasive standard of reference, and the accuracy of stenosis assessment performed using the 7-T ne-MRA was evaluated to this reference standard. Sensitivity and specificity of 7-T ne-MRA were calculated with regard to the number of segments with hemodynamically significant stenosis. Further statistical analysis and conclusions about statistical significance were not performed because the small study population of only 7 patients.
RESULTS
Nonenhanced MRA at 7 T and ce-MRA at 1.5 T were successfully performed in all patients and were well tolerated without any relevant side effects. At 7 T, patient positioning and configuration of the PCG before the examination amounted to 5 minutes, which is comparable with the preparation time for the ce-MRA at 1.5 T including patient positioning and preparation for contrast application. The mean (SD) examination time at 7 T was approximately 35 (6) minutes including localizer, B 0 shimming, acquisition of individual B 1 maps, and imaging of 10 table steps with manual positioning. The mean (SD) examination time at 1.5 T was 6 (1) minutes including localizer, precontrast images, CARE bolus, and postcontrast images.
An example of a whole-leg 7-T and 1.5-T MRA is given in Figure 3 . The 7-T ne-MRA enabled a homogenous, hyperintense arterial signal. Main and branch arterial delineation was excellent and FIGURE 2. The previously reported signal loss in the middle third of the thigh at 7-T ne-MRA could be improved by using individual TIAMO shims in all patients. In panels A and B, the CP + and CP 2+ modes were combined for TIAMO. Residual B 1 inhomogeneity was reduced by using dedicated TIAMO shims based on acquired B 1 maps in the same imaging position, resulting in a subjectively higher signal intensity of the superficial femoral artery in panels C and D.
Investigative
there was fairly uniform, hypointense signal from background tissue. Arterial anatomy was accurately demonstrated both proximal and distal to stenotic disease. In cases of high-grade stenosis or occlusions, many of the small collateral vessels were also well shown with ne-MRA at 7 T, in most cases in more detail than with 1.5-T ce-MRA (Fig. 3) . The 7-T ne-MRA also offered nearly total venous suppression at all imaging stations, which could not be achieved at 1.5-T ce-MRA in some patients (Fig. 4) . Individual TIAMO shims were performed in all patients, enabling a considerable increase of the arterial signal in the middle thigh (Fig. 2) . In 2 patients, an incidental pathology was depicted nicely with both the ce-and ne-MRA techniques: 1 patient showed an aneurysm of the right distal superficial femoral artery (Fig. 5, A and B) and another patient presented a dissection of the right common iliac artery with dark delineation of the dissection membrane (Fig. 5, C and D) .
All 154 arterial segments were depicted with ce-MRA at 1.5 T. At 7 T, the iliacal region was displayed incompletely in 4 patients because of the fact that the rigid coil circumference was too small to accommodate the lower abdomen and pelvis of these patients. Therefore, only 124 segments were displayed at 7 T and included for analysis, as 30 of 154 segments (19.5%) could not be considered.
Of these 124 arterial segments included for analysis, 85 were characterized as being normal with 1.5-T ce-MRA. Of the remaining 39 arterial segments, 13 arterial segments were characterized as having 1 or more low-grade stenoses less than 50%, 16 segments were evaluated as having 1 or more high-grade stenoses of equal to or greater than 50%, and 10 segments were deemed as being occluded. At 7-T ne-MRA, 85 arterial segments were characterized as being normal as well, whereas 11, 19, and 9 arterial segments were assessed as having low-grade stenosis less than 50%, high-grade stenosis of equal to or greater than 50%, and occlusion, respectively. Table 1 displays the number of segments having low-grade or high-grade stenosis or being occluded.
In total, 18 low-grade stenoses, 21 high-grade stenoses, and 10 occlusions were counted at 1.5-T ce-MRA, and 15 low-grade stenoses, 25 high-grade stenoses, and 9 occlusions at 7 T (Table 1) . Overall, 3 low-grade stenoses at 1.5 T were upgraded to high-grade FIGURE 3. Angiogram of the lower extremities of a 75-year-old woman: ce-MRA at 1.5 T (A) and ne-MRA at 7 T (B) display a prolonged occlusion of the right superficial femoral artery (dashed arrows). Reperfusion of the popliteal artery is ensured because of several collateral and intramuscular branches of the profunda femoral artery that are depicted in more detail at 7 T (B), possibly because of the higher spatial resolution. A further signal decrease in the proximal left superficial femoral artery was evaluated as high-grade stenosis in both imaging techniques (arrows). C, An axial source image at 7 T showing the occlusion of the right superficial femoral artery and nicely depicting the collateral vessels. In panel B, the arteries of the pelvic region are less definable in this maximum-intensity projection image, probably because of the limited penetration depth of the 16-channel T/R coil. stenoses at 7 T. Furthermore, 1 high-grade stenosis at 7 T that was located in the left tibiofibular trunk was categorized as an occlusion at 1.5 T (Fig. 6) . Table 2 gives the regional distribution of the number of stenoses and occlusions. Whereas perfect agreement was observed in the iliacal region concerning the number of stenoses and the degree of stenosis, there were slight differences in all other regions.
Of the 124 included segments, 26 segments (21%) had hemodynamically significant stenosis evaluated with 1.5-T ce-MRA and 28 segments (23%) assessed with 7-T ne-MRA. Considering 1.5-T ce-MRA as the standard of reference, the true-positive, false-positive, truenegative, and false-negative values were 26, 2, 98, and 2, respectively (Table 1) , resulting in sensitivity and specificity of the 7-T ne-MRA, of 93% and 98%, respectively, for detecting hemodynamically significant stenosis within an arterial segment.
DISCUSSION
Peripheral arterial occlusive disease of the lower extremity is a common manifestation of arteriosclerosis and affects 12% to 14% of the general population of the Western world. Contrast-enhanced MRA is an important diagnostic tool used to evaluate stenosis or occlusions of the lower extremity arteries in clinical routine. 28, 29 In patients with renal insufficiency, Gd-enhanced MRA can be used only in particular cases because these patients are at risk of nephrogenic systemic fibrosis. 1 Because there is a high prevalence of chronic renal impairment in Particularly nonenhanced electrocardiogram-gated quiescent-interval single-shot SSFP MRA appears to be a promising imaging technique, as the diagnostic performance was found to be nearly equivalent to the diagnostic performance of ce-MRA in the assessment of stenosis in patients with PAOD. 3, 4 Currently, MRA of the lower extremities is performed mostly at 1.5 or 3 T. However, imaging at ultrahigh field strength might further improve the diagnostic performance of lower extremity MRA because it enables, in particular, further improvements in spatial resolution. For ne-MRA at 7 T, SSFP sequences are unsuitable, given that SSFP imaging is known to suffer from inhomogeneity of the static magnetic field B 0 and from SAR limits, as SAR increases with the square of the magnetic field, the square of the flip angle, the size of the patient, as well as the duty cycle of the RF pulse. 32 In contrast, T1w imaging appears to be beneficial with regard to the inherently hyperintensive vessel signal at 7 T. This effect was incidentally found in the first studies on 7-T nonenhanced intracranial imaging, 9, 10 and first promising body applications with nonenhanced T1w FLASH imaging of the aorta, renal arteries, and liver vasculature at 7 T have been published. 11, 12, 33 Furthermore, the feasibility of 7-T ne-MRA of the lower extremity in healthy volunteers was investigated recently. 13, 26 In the current study, 7-T ne-MRA was successfully applied in patients with PAOD for the visualization of the lower extremity arteries. The Turbo-FLASH imaging protocol used provided a hyperintense signal of the iliac, femoral, popliteal, and lower leg artery segments without the need of intravenous application of contrast agent. In comparison with ce-MRA at 1.5 T as the reference standard, there was complete agreement about the characterization of an artery segment as being normal or having any kind of stenosis. Regarding the determination of the degree of stenosis, 3 of 18 stenoses rated as low grade at 1.5 T were rated to be equal or greater than 50% at 7 T. This can be evaluated as an overestimation, which was also described for other nonenhanced imaging techniques at 1.5 T in recent publications. 3 Physical reasons for overestimation of vessel stenosis at 7 T are not completely understood; possible issues might be the position of the saturation pulse or a long echo time and have to be addressed in further studies. Another explanation could be the higher in-plane resolution of 1 Â 1 mm 2 used in the Turbo-FLASH sequence at 7 T compared with an in-plane resolution of 1.8 Â 1.3 mm 2 at 1.5 T. Because of this high spatial resolution at 7 T, intraluminal arteriosclerotic plaques at the vessel wall might be better detected and more accurately characterized, A: Number of segments showing 1 or more low-grade stenoses (G50%), high-grade stenoses (50%Y99%), or occlusions (100%); high-grade stenoses and occlusions were defined as hemodynamically significant. B: Numbers of low-grade stenoses, high-grade stenoses, or occlusions counted within the 124 artery segments as imaged with ce-MRA at 1.5 T and ne-MRA at 7 T.
ce-MRA indicates contrast-enhanced magnetic resonance angiography; ne-MRA, nonYcontrast-enhanced magnetic resonance angiography. } } FIGURE 6 . In this 79-year-old patient, an occlusion of the left tibiofibular trunk assessed at 1.5 T ce-MRA (A, arrow) was characterized as a high-grade stenosis greater than 50% at ne-MRA at 7 T, where an hyperintense signal of this artery segment could be depicted (B, arrow); this discrepancy might possibly be explained by motion of the lower legs during image acquisition. In both imaging techniques, prolonged occlusions of the right proximal and the left distal popliteal artery were displayed (stars), and reticular collateral vessels could be nicely depicted. Furthermore, a sharply defined depiction of the pedal arteries was achieved at 7 T ne-MRA. ne-MRA indicates nonYcontrast-enhanced magnetic resonance angiography; ce-MRA, contrast-enhanced magnetic resonance angiography. and therefore, some stenoses might be evaluated as having a higher degree. In addition, 1 occlusion of the left tibiofibular trunk at 1.5 Twas assessed as a high-grade stenosis at 7 T, displayed in Figure 6 .
In this study, a PCG was used as an acoustic triggering device at 7 T, as gating of nonenhanced artery imaging is essential for a consistent, hyperintensive artery signal. Electrocardiogram triggering still functions quite poorly because of an elevated T-wave and other interferences. 34 Looking at the total acquisition time, a considerable difference between ne-MRA at 7 T and ce-MRA at 1.5 T was observed. Whereas an entire nonenhanced angiogram at 7 T amounted to approximately 35 minutes for 10 imaging stations depending on the individual heart rate and including short intermissions for manual table movement, ce-MRA at 1.5 T lasted approximately 6 minutes including localizers and precontrast and postcontrast image acquisition. Several factors contributed to the relatively long image acquisition times of ne-MRA at 7 T. First of all, gating is essential for this nonenhanced imaging technique to avoid artifacts such as signal fluctuations, intraluminal signal voids, or flow artifacts. A second issue is the use of TIAMO, which improves the homogeneity of the arterial signal by acquisition of 2 images in different excitation modes per slice but which increases the image acquisition time, although higher acceleration factors are feasible because of the formation of virtual elements. 20, 23 Last but not least, the ne-MRA images at 7 T were acquired in transversal orientation, whereas ce-MRA at 1.5 T was based on coronal image acquisition. Even though further sequence optimization, the implementation of an automatic movable scanner table, or the availability of multiple coils covering the entire lower extremities will reduce the total acquisition time for ne-MRA at 7 T in the future, it is highly likely that ne-MRA at 7 T will remain more time-consuming than ce-MRA at 1.5 T. However, in this context, it should be noted that ne-MRA techniques at 1.5 T also show significantly longer image acquisition times compared with ce-MRA, 4 in a range comparable with that of ne-MRA at 7 T. A general limitation of imaging at 7 T is that it is very challenging to achieve a homogeneous excitation in a large target region such as the pelvis or both thighs at the same time. In this study, the consistent signal loss in the middle third of the thigh, which is suspected to be caused by RF interferences inside the 16-channel coil due to the individual proportion of muscle and fatty tissue, 13 could be improved by using individual TIAMO shims. 23 With this method, a subjectively higher signal intensity of the superficial femoral artery could be achieved in all patients (Fig. 4) . Furthermore, the application of dielectic pads 35 would assumedly be beneficial in terms of signal homogeneity and a local gain in signal intensity and could be investigated in future examinations.
Because we were limited to 1 kW peak power per channel due to the available hardware, which resulted in a combined peak power at the coil of only about 4 kW after taking all the cable and other component losses between the amplifiers and the coil into account, a variable power combiner was used, which allows transmitting the available power to a single circularly polarized mode of the 16-channel coil, resulting in better utilization of available peak power. 16 However, we do not claim that the setup is the optimal solution for angiography of the lower extremities, and of course, additional transmit power would be desirable.
Resolution and FOV were kept constant during the entire examination from pelvis to feet at 7 T to allow continuous evaluation and to merge the coronal maximum intensity projections. In clinical routine, the resolution is typically increased for adaption to the smaller vessel diameter in the lower legs. Nevertheless, a highly defined delineation of the calf arteries and of small intramuscular collateral branches could be achieved at 7 T using an in-plane resolution of 1 mm 2 ( Figs. 2 and 6 ). As this is the first prospective study about 7-T ne-MRA of the lower extremities with a clinical backdrop, there are some further drawbacks that have to be mentioned. First of all, only a very small number of patients could be included in this trial. Although a large number of patients were screened for enrollment in this trial, only a few patients remained eligible, which was predominately caused by the fact that owing to safety and regulatory concerns, implants of any kind resulted in exclusion from study participation. In particular, the high prevalence of stents either in the coronary, iliac, or femoral arteries in patients with PAOD caused the high number of dropouts. Therefore, safety simulations for medical implants at 7 T are of extreme importance for the success of future trials. A further exclusion criterion was obesity, as the semicircular opening formed by the custom-built 16-channel T/R body coil and the AngioSURF table had a radius of only 26.5 cm (Fig. 1) . Thus, the iliacal region could not or not completely be displayed in 4 patients. Therefore, hardware developments at 7 T are necessary to offer greater flexibility with regard to the patient's individual height and weight. Digital subtraction angiography (DSA), which still remains the gold standard for the evaluation of arterial pathologies in patients with peripheral ischemic disease, was not part of this study because including DSA as a mandatory part of the study protocol would have additionally hindered patient recruitment. Because only 3 of our patients included for 7 T underwent an invasive angiography (in 1 patient, diagnostic DSA of both legs; in 2 patients, selective DSA of only 1 leg), the analysis of this patient subgroup is of limited value because of the low number of arterial segments available for comparison. Contrast-enhanced MRA at 1.5 T used as reference standard suffered from strong venous overlay in the calf station in 2 patients, which was not observed in ne-MRA at 7 T as sufficient venous saturation could be achieved over the entire lower extremities in all patients (Fig. 4) . This problem could have been compensated by acquiring time-resolved imaging of the lower leg. However, this technique was not available in the center where 1.5 T MRA was performed. Furthermore, the inability to determine blood flow direction has to be mentioned as a common disadvantage of ne-MRA compared with DSA or contrast-enhanced time-resolved MRA. Finally, the patient image analysis was performed qualitatively, and neither vessel diameters nor stenosis lengths were quantified. Nevertheless, it should be kept in mind that these are the first published data about the examination of patients with peripheral arterial disease with ne-MRA at 7 T. Considering the current limitations of 7-T ne-MRA, this challenging technique might be beneficial for specific applications such as high-resolution MRA of the distal extremities, the hands, the lower leg, or the feet in patients with diabetic disease or small vessel pathologies, which has to be addressed in future clinical trials.
In conclusion, our study demonstrates the feasibility and initial experience of ne-MRA of the lower extremity arteries in patients with PAOD at 7 T. In this small group of patients, peripheral arterial stenosis and occlusions were identified and characterized accurately compared with ce-MRA at 1.5 T as the standard of reference. NonYcontrast-enhanced MRA of the lower extremities at ultrahigh field strengths can be considered to be in an early but promising stage. However, this study also shows the challenges of ultrahighfield body imaging as only a minority of patients would currently be suitable for 7-T MRA because of the common presence of implants, notably stents in patients with arteriosclerotic disease. Nevertheless, further sequence and hardware optimization at 7 T as well as the examination of a larger number of patients should be pursued in future trials.
